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We present a scheme to entangle two magnon modes in a cavity magnomechanical system. The two magnon
modes are embodied by collective motions of a large number of spins in two macroscopic ferrimagnets, and
couple to a single microwave cavity mode via magnetic dipole interaction. We show that by activating the
nonlinear magnetostrictive interaction in one ferrimagnet, realized by driving the magnon mode with a strong
red-detuned microwave field, the two magnon modes can be prepared in an entangled state. The entanglement
is achieved by exploiting the nonlinear magnon-phonon coupling and the linear magnon-cavity coupling, and is
in the steady state and robust against temperature. The entangled magnon modes in two massive ferrimagnets
represent genuinely macroscopic quantum states, and may find applications in the study of macroscopic quantum
mechanics and quantum information processing based on magnonics.
I. INTRODUCTION
Ferrimagnetic systems, for example yttrium iron garnet
(YIG), provide a unique platform for the study of the strong
interactions between light and matter. Owing to their high
spin density (several orders of magnitude larger than those of
previous spin ensembles) and low dissipation rate, in recent
years the strong [1–6] and ultrastrong [7, 8] coupling between
the Kittel mode [9] in the YIG sphere and the microwave cav-
ity photons have been realized leading to cavity-magnon po-
laritons. This strong coupling offers a possibility to enable
coherent information transfer between drastically different in-
formation carriers, and thus may find potential applications in
quantum information processing, especially when the system
becomes hybrid [10], such as by coupling magnons to a su-
perconducting qubit [11, 12], to phonons [13, 14], or to both
microwave and optical photons [15]. Furthermore, various
interesting phenomena have been explored in the system of
cavity-magnon polaritons, such as the observation of magnon
gradient memory [16], the exceptional point [17, 18], manip-
ulation of distant spin currents [19], and bistability [20], to
name but a few.
Cavity-magnon systems of YIG spheres provide also a
promising and completely new platform for the study of
macroscopic quantum states [14, 21]. A magnon mode can
get squeezed by driving the cavity with a squeezed vacuum
microwave field, and the squeezing can further be transferred
to the mechanical mode if the magnetostrictive interaction is
activated by driving the magnon mode with a red-detuned mi-
crowave field [21]. Such a hybrid cavity magnomechanical
system can also be prepared in a genuinely tripartite entangled
state by suitably driving the YIG sphere and essentially utiliz-
ing the nonlinear magnetostrictive interaction [14]. Both the
entangled and squeezed states of the magnon and mechanical
modes are macroscopic quantum states due to a large size of
the YIG sphere and an extremely large number of spins con-
tained (more than 1016 for a 250-µm-diam YIG sphere that
has been employed in Refs. [14, 21]). Alternatively, nonclas-
sical magnon states can be prepared by coupling magnons to
a superconducting qubit which provides necessary nonlinear-
ity [11, 12]. We note that the observation of quantum effects
in massive systems has achieved significant progress in the
field of cavity optomechanics [22], where quantum squeez-
ing of mechanical motion [23], nonclassical correlations be-
tween single photons and phonons [24, 25], and quantum
entanglement between mechanics and a cavity field [26], as
well as between two massive mechanical oscillators [27, 28]
have been observed. As an analogue, cavity magnomechanics
holds a potential for realizing quantum states in more massive
objects. Apart from quantum effect, magnomechanically in-
duced transparency [13] and slow light effect [29] have been
explored in such a system.
Here we present a scheme to prepare two magnon modes
in two massive YIG spheres in an entangled state. To date,
the proposals of preparing entangled magnon modes in cavity-
magnon systems are still missing [30]. The two magnon
modes couple to a single microwave cavity mode via linear
beamsplitter interactions, and it is known that such interac-
tions will not yield any entanglement between the two magnon
modes. Nevertheless, by activating the magnetostrictive (ra-
diation pressure-like) interaction in one YIG sphere, we show
that such an interaction can be utilized to generate entangle-
ment between two magnon modes if one of them is suitably
driven by a microwave field. The entanglement arises from
the magnon-phonon coupling and partially transfers to cavity-
magnon and cavity-phonon subsystems. Further, by using
the effective state-swap interaction between the cavity and the
other magnon mode, the two magnon modes therefore get en-
tangled. The entanglement is in the stationary state and robust
against environmental temperature. Differently from our pre-
vious work [14], where three modes of different natures get
entangled, here we aim to entangle two magnon modes in two
YIG spheres.
The remainder of this paper is organized as follows. In sec-
tion II, we introduce a cavity magnomechanical system of two
YIG spheres, and provide its Hamiltonian and the correspond-
ing quantum Langevin equations (QLEs). In section III, we
study the system dynamics by adopting the linearization treat-
ment, show how to obtain the steady-state solutions of the sys-
tem, and present the main results of the entanglement between
two magnon modes. In section IV, we analyse the Kerr non-
linear effect due to the strong drive of one magnon mode, and
provide possible strategies to measure the entanglement. Fi-
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FIG. 1: (a) Sketch of the system. Two YIG spheres are, respectively,
placed inside a microwave cavity near the maximum magnetic fields
of the cavity mode, and simultaneously in uniform bias magnetic
fields, which excite the magnon modes in the spheres and couple
them to the cavity mode. The directions of the bias magnetic fields
are adjusted such that only in one sphere, say the right sphere, the
magnetostrictive (magnon-phonon) interaction is activated, and this
coupling can be enhanced by directly driving the magnon mode with
a microwave source (not shown). The bias magnetic field (z direc-
tion), the drive magnetic field (y direction) and the magnetic field (x
direction) of the cavity mode are mutually perpendicular at the site
of the right sphere. (b) Interactions among the subsystems. The cav-
ity mode a linearly couples to the two magnon modes m1 and m2
with coupling constants g1 and g2, respectively. Besides, the magnon
mode m1 couples to the mechanical mode b via the nonlinear magne-
tostrictive interaction with an effective coupling rate G. The magne-
tostrictive interaction generates magnomechanical entanglement [14]
which can be used to entangle two magnon modes. (c) Frequencies
and linewidths of the system. The magnon mode m1 with frequency
ω1 is driven by a strong microwave field at frequency ω0, and the
mechanical motion of frequency ωb scatters photons onto the two
sidebands at ω0 ± ωb. If the magnon mode m1 is resonant with the
blue (anti-Stokes) sideband, and both the cavity with frequency ωa
and the magnon mode m2 with frequency ω2 are resonant with the
red (Stokes) sideband, the two magnon modes are prepared in an en-
tangled state.
nally, we reserve section V for conclusions.
II. THE MODEL
We consider a hybrid cavity magnomechanical system
which consists of a microwave cavity mode, two magnon
modes, and a mechanical mode, as shown in Fig. 1 (a). The
two magnon modes are embodied by collective motions of a
large number of spins in two macroscopic YIG spheres, and
simultaneously couple to a single microwave cavity. Such a
system of two YIG spheres (without involving the mechani-
cal mode) has been used to study magnon dark modes [16]
and high-order exceptional points [18]. The magnetic dipole
interaction mediates the coupling between magnons and cav-
ity photons [see Fig. 1 (b)], and this coupling can be very
strong [1–8]. The mechanical mode is represented by the
vibrations of the YIG sphere caused by the magnetostrictive
force, which leads to the deformation of the geometry struc-
ture of the sphere and establishes the magnon-phonon cou-
pling. In general, the magnetostrictive interaction is of dif-
ferent types depending on the resonance frequencies of the
magnon and phonon modes [32], but the dispersive magnon-
phonon interaction becomes dominant when the mechanical
frequency is much smaller than the magnon frequency [13],
which is the case to be considered in the present work. This
magnon-phonon coupling is currently small [13], but it can
be efficiently enhanced by driving the sphere with a strong
microwave field [14, 20]. The magnomechanical coupling
strength is sensitive to the direction of the bias magnetic
field [13], and we adjust the directions of the two bias mag-
netic fields [see Fig. 1 (a)] such that only in one sphere the
magnetostrictive interaction is effectively activated [33]. The
Hamiltonian of the system reads
H/~ = ωaa†a +
∑
j=1,2
ω jm
†
jm j +
ωb
2
(q2 + p2) +G0m
†
1m1q
+
∑
j=1,2
g j(am
†
j + a
†m j) + iΩ(m†1e
−iω0t − m1eiω0t),
(1)
where a and a† (m j and m†j ), [O,O
†] = 1, O= a (m j), are, re-
spectively, the annihilation and creation operators of the cav-
ity mode (magnon modes), q and p, [q, p] = i, are the dimen-
sionless position and momentum quadratures of the mechan-
ical mode, and ωa, ω j, and ωb are the resonance frequen-
cies of the cavity, magnon, and mechanical modes, respec-
tively. The magnon frequencies are determined by the bias
magnetic fields H j via ω j = γH j, where γ/2pi= 28 GHz/T is
the gyromagnetic ratio. The coupling rate g j denotes the lin-
ear coupling between the cavity and the jth magnon mode,
and G0 represents the single-magnon magnomechanical cou-
pling rate. The Rabi frequency Ω =
√
5
4 γ
√
NB0 [14] denotes
the coupling strength of the drive magnetic field (with ampli-
tude B0 and frequency ω0) with the first magnon mode, where
the total number of spins N = ρV with ρ = 4.22 × 1027 m−3
the spin density of the YIG and V the volume of the sphere.
Note that the boson (oscillator) operators m j and m
†
j describe
the collective motion of the spins via the Holstein-Primakoff
transformation [34] under the assumption of the low-lying ex-
citations 〈m†jm j〉 2Ns (without losing generality we assume
the two spheres are of the same size), where s = 52 is the spin
number of the ground state Fe3+ ion in YIG.
From the system Hamiltonian (1), one would see the
mechanism of entanglement generation between the two
magnon modes: the radiation pressure-like interaction Hm1b =
~G0m
†
1m1q allows one to create entanglement between the
magnon mode m1 and the mechanical mode by suitably driv-
ing the magnon mode, similarly to creating optomechanical
entanglement [35]. Such an interaction can also lead to cavity-
magnon (m1) and cavity-phonon entanglement via the lin-
3ear coupling Ham1 = ~g1(am
†
1 + a
†m1), which is the main re-
sult of Ref. [14]. By introducing the second magnon mode
m2 interacting with the cavity via the state-swap interaction
Ham2 = ~g2(am
†
2 + a
†m2), the two magnon modes therefore
get entangled.
In the frame rotating at the magnon drive frequency ω0, the
QLEs describing the system are given by
a˙ = −(i∆a + κa)a − i
∑
j=1,2
g jm j +
√
2κaain,
m˙1 = −(i∆1 + κ1)m1 − iG0m1q − ig1a + Ω +
√
2κ1min1 ,
m˙2 = −(i∆2 + κ2)m2 − ig2a +
√
2κ2min2 ,
q˙ = ωbp,
p˙ = −ωbq − γbp −G0m†1m1 + ξ,
(2)
where ∆a = ωa − ω0, ∆ j = ω j − ω0 ( j= 1, 2), κa, κ j, and
γb are the dissipation rates of the cavity, magnon, mechan-
ical modes, respectively, and ain, minj are input noise oper-
ators affecting the cavity and magnon modes, respectively,
which are zero mean and characterized by the following corre-
lation functions [36]: 〈ain(t) ain†(t′)〉 = [Na(ωa) + 1] δ(t− t′),
〈ain†(t) ain(t′)〉 = Na(ωa) δ(t− t′), and 〈minj (t) min†j (t′)〉 =[
N j(ω j) + 1
]
δ(t− t′), 〈min†j (t)minj (t′)〉 = N j(ω j) δ(t− t′). The
Langevin force operator ξ, which accounts for the Brow-
nian motion of the mechanical mode, is autocorrelated as
〈ξ(t)ξ(t′) + ξ(t′)ξ(t)〉/2 ' γb [2Nb(ωb) + 1] δ(t− t′), where
we have made the Markov approximation, which is a good
approximation for a mechanical oscillator of a large quality
factor Qb = ωb/γb  1 [37], and Nk(ωk) =
[
exp
(
~ωk
kBT
)
−1
]−1
,
k= a, j, b, are the equilibrium mean thermal photon, magnon,
and phonon number, respectively, with kB the Boltzmann con-
stant and T the environmental temperature.
III. STEADY-STATE SOLUTIONS AND THE RESULTS OF
MAGNON ENTANGLEMENT
Since the magnon mode m1 is strongly driven by an external
microwave field, and owing to the beamsplitter interactions
between the cavity and the two magnon modes, both the cavity
and magnon modes are of large amplitudes, |〈a〉|, |〈m j〉|  1.
This allows us to linearize the dynamics of the system around
the steady-state values by writing any operator as O = 〈O〉 +
δO, (O= a,m j, q, p), and neglecting small second-order fluc-
tuation terms. Since we are particularly interested in the quan-
tum correlation properties of the two magnon modes, we fo-
cus on the dynamic of the quantum fluctuations of the system.
The linearized QLEs describing the fluctuations of the sys-
tem quadratures (δX, δY, δx1, δy1, δx2, δy2, δq, δp), with δX =
(δa + δa†)/
√
2, δY = i(δa† − δa)/√2, δx j = (δm j + δm†j )/
√
2,
and δy j = i(δm
†
j − δm j)/
√
2, can be written in the form of
u˙(t) = Au(t) + n(t), (3)
where u(t)=
[
δX(t),δY(t),δx1(t),δy1(t),δx2(t),δy2(t),δq(t),δp(t)
]T ,
n(t)=
[√
2κaXin(t),
√
2κaY in(t),
√
2κ1xin1 (t),
√
2κ1yin1 (t),
√
2κ2xin2 (t),
√
2κ2yin2 (t), 0, ξ(t)
]T is the vector of input noises, and the drift
matrix A is given by
A =

−κa ∆a 0 g1 0 g2 0 0
−∆a −κa −g1 0 −g2 0 0 0
0 g1 −κ1 ∆˜1 0 0 −G 0
−g1 0 −∆˜1 −κ1 0 0 0 0
0 g2 0 0 −κ2 ∆2 0 0
−g2 0 0 0 −∆2 −κ2 0 0
0 0 0 0 0 0 0 ωb
0 0 0 G 0 0 −ωb −γb

, (4)
where ∆˜1 = ∆1 +G0〈q〉, with 〈q〉=−G0ωb |〈m1〉|2, is the effec-
tive detuning for the first magnon mode, which includes the
frequency shift due to the magnon-phonon interaction, and
G = i
√
2G0〈m1〉 is the effective magnomechanical coupling
rate, where 〈m1〉 '− (g1〈a〉 + iΩ)/∆˜1, which implies that the
coupling can be significantly enhanced by a strong driving
field. This is a result of the nonlinear term G0m
†
1m1q in the
Hamiltonian Eq. (1). The average 〈a〉 is given by
〈a〉 ' ig1∆2Ω
∆a∆˜1∆2 − g21∆2 − g22∆˜1
, (5)
and therefore we can also obtain 〈m2〉 via 〈m2〉 ' −g2〈a〉/∆2.
The magnomechanical coupling G is a key parameter and we
thus provide its specific expression, i.e.,
G '
√
2G0Ω(g22 − ∆2∆a)
g22∆˜1 + ∆2(g
2
1 − ∆˜1∆a)
. (6)
The above expressions of 〈a〉, 〈m j〉, and G are achieved un-
der the condition that |∆a|, |∆˜1|, |∆2|  κa, κ1, κ2, and in this
instance, 〈a〉 and 〈m j〉 are pure imaginary numbers. The drift
matrix A of Eq. (4) is given under this condition. In fact, we
will show later that |∆a|, |∆˜1|, |∆2| ' ωb  κa, κ1, κ2 [see Fig. 1
(c)] are optimal for generating the entanglement between the
two magnon modes.
Owing to the linearized dynamics and the fact that all noises
are Gaussian, the dynamical map of the system preserves the
Gaussian nature of any input state. The steady state of the
quantum fluctuations of the system is thus a continuous vari-
able four-mode Gaussian state, which is completely character-
ized by an 8 × 8 covariance matrix (CM)V, which is defined
as Vi j = 12 〈ui(t)u j(t′) + u j(t′)ui(t)〉 (i, j = 1, 2, ..., 8). The sta-
tionary CM V can be straightforwardly obtained by solving
the Lyapunov equation [35, 38]
AV +VAT = −D, (7)
where D = diag
[
κa(2Na+1), κa(2Na+1), κ1(2N1 +1), κ1(2N1 +
1), κ2(2N2 +1), κ2(2N2 +1), 0, γb(2Nb+1)
]
is the diffusion ma-
trix, which is defined by 〈ni(t)n j(t′) + n j(t′)ni(t)〉/2 = Di jδ(t −
t′). We adopt the logarithmic negativity [39] to quantify the
magnon entanglement, which is a full entanglement monotone
under local operations and classical communication [40] and
sets an upper bound for the distillable entanglement [39]. The
logarithmic negativity is defined as [41]
EN ≡ max[0, − ln 2ν˜−], (8)
4where ν˜− = min eig|iΩ2V˜4| (with the symplectic matrix Ω2 =
⊕2j=1iσy and the y-Pauli matrix σy) is the minimum symplectic
eigenvalue of the CM V˜4 = P1|2V4P1|2, whereV4 is the 4×4
CM of the two magnon modes, obtained by removing in V
the rows and columns of the cavity and mechanical modes,
and P1|2 = diag(1,−1, 1, 1) is the matrix that realizes partial
transposition at the level of CMs [42].
Figure 2 shows the entanglement of the two magnon modes
versus some key parameters of the system, which is in the
steady state guaranteed by the negative eigenvalues (real
parts) of the drift matrix A. We have employed experimentally
feasible parameters [13]: ωa/2pi = 10 GHz, ωb/2pi = 10 MHz,
γb/2pi = 102 Hz, κa/2pi = 1 MHz, κ1(2) = κa, g1/2pi = 3.2
MHz, G/2pi = 4.8 MHz, and at low temperature T = 10 mK.
We take an optimal detuning ∆˜1 ' ωb [14] for the first
magnon mode, which is responsible for significantly cool-
ing the mechanical mode as quantum entanglement survives
with only small thermal phonon occupancy. Combining with
a strong magnomechanical coupling G [43], magnon-phonon
entanglement (Em1b) is created and then partially transferred
to the cavity-magnon (m1) subsystem, i.e., the cavity and
magnon mode m1 get entangled, Eam1 > 0 [14]. This effect is
prominent when the cavity detuning ∆a '−ωb. By coupling
the second magnon mode (m2) to the cavity, and using their
state-swap interaction, the two magnon modes are expected to
be entangled. This is confirmed by Fig. 2 (a) and it manifests
that the optimal situation is that the magnon mode is resonant
with the cavity, ∆2 ' ∆a ' −ωb [see Fig. 1 (c)]. This is also
the case for generating squeezed states of magnons by driv-
ing the cavity with a squeezed microwave field [21]. Figure 2
(b) and (c) denote the cavity-magnon (m1) entanglement Eam1
with g2 = 0 and the magnon-magnon entanglement Em1m2 with
g2 , 0, respectively. The similar patterns of Fig. 2 (b) and (c)
(d)
(a)
(c)
(b)
FIG. 2: Density plot of the entanglement Em1m2 between two magnon
modes vs (a) ∆a and ∆2, (c) ∆a and ∆˜1, and (d) the ratios of g2/g1 and
G/g1 (g1 is fixed). (b) The entanglement Eam1 between cavity and
magnon mode m1 vs ∆a and ∆˜1 with g2 = 0. We take ∆˜1 = 0.85ωb in
(a) and (d), g2/2pi= 2.6 MHz in (a) and (c), ∆a =− 0.9ωb in (d), and
∆2 = ∆a in (c) and (d). See text for details of the other parameters.
FIG. 3: Magnon entanglement Em1m2 vs (a) ∆a at 10 mK, and (b)
temperature for the two cases of κa/2pi = κ1(2)/2pi = 1 MHz (solid
lines) and κa/2pi = 5κ1(2)/2pi = 3 MHz (dashed lines). (c) Critical
temperature (below which Em1m2 > 0) vs κ1(2)/2pi, with always κa =
5κ1(2). We take an optimal detuning ∆a = −0.9ωb in (b) and (c). The
other parameters are as in Fig. 2 (a) with ∆2 = ∆a.
show more clearly the magnon entanglement Em1m2 is trans-
ferred from the cavity-magnon (m1) entanglement Eam1 due to
the state-swap interaction between the cavity and the magnon
mode m2. We take g2/2pi = 2.6 MHz in Fig. 2 (a) and (c), and
therefore we have g21, g
2
2  |∆˜1∆a|, |∆2∆a| ' ω2b, which leads
to a rather simple expression of the couplingG '√2G0 Ωωb [see
Eq. (6)]. G/2pi = 4.8 MHz implies the drive magnetic field
B0 ' 3.9 × 10−5 T for G0/2pi ' 0.3 Hz, corresponding to the
drive power P ' 8.9 mW [44]. A larger coupling G would
yield a larger entanglement. However, we take a moderate
value to keep the system stable and avoid unwanted nonlinear
effect (we analyse this in the next section). There are opti-
mal couplings of g2 and G for fixed g1, as shown in Fig. 2
(d). Since all bipartite entanglements of the subsystems orig-
inate from the magnon-phonon coupling, there is an interplay
among the three couplings, g1, g2, and G, of the four modes
of the system [see Fig. 1 (b)], which results in a maximum
magnon entanglement. The magnon entanglement is robust
against environmental temperature and survives up to about
200 mK, as shown in Fig. 3 (solid lines).
IV. ANALYSIS OF NONLINEAR EFFECT AND
STRATEGIES FOR ENTANGLEMENT DETECTION
It should be noted that the results of section III are
valid only when the magnon excitation numbers 〈m†jm j〉 
2Ns = 5N. For what we used a 250-µm-diam YIG sphere,
the number of spins N ' 3.5 × 1016, and the coupling
strength G/2pi = 4.8 MHz corresponds to |〈m1〉| ' 1.1 ×
107, and Rabi frequency Ω ' 7.1 × 1014 Hz, such that
〈m†1m1〉 ' 1.3 × 1014  5N = 1.7 × 1017, which is well sat-
isfied. 〈m†2m2〉  2Ns is also well fulfilled due to the fact
that |〈m2〉|  |〈m1〉| for the parameters used in Figs. 2 and 3.
5The intense magnon drive may bring about unwanted nonlin-
ear effects due to the Kerr nonlinear term Km†mm†m in the
Hamiltonian [20, 45]. The Kerr coefficientK is inversely pro-
portional to the volume of the sphere. For a 1-mm-diam YIG
sphere used in Refs. [20, 45], K/2pi ≈ 0.1 nHz, which im-
plies that K/2pi ≈ 6.4 nHz for the spheres used in this paper.
To keep the Kerr effect negligible, K|〈m1〉|3  Ω must hold.
The parameters in Fig. 2 lead to K|〈m1〉|3 ' 5.8 × 1013 Hz
 Ω ' 7.1 × 1014 Hz, which means that the nonlinear effects
are negligible and our model is valid and a good approxima-
tion.
Finally, we discuss how to detect and measure the entangle-
ment. The generated magnon entanglement can be quantified
by measuring the CM of the two magnon modes, following
the strategies used in Refs. [26, 35]. In contrast with Ref. [14],
where the detection of a phonon state cannot be avoided, here
we only need to measure the states of two magnon modes.
The state of each magnon mode can be read out by coupling
the magnons to an additional cavity, and by sending a weak
microwave probe field and homodyning the cavity output of
the probe field. This requires that the magnon dissipation
rates κ1,2 should be much smaller than the cavity decay rate
κa, such that when the magnon drive is switched off and all
cavity photons decay the magnon states remain almost un-
changed, and then two probe fields are sent. The dashed lines
in Fig. 3 (a) and (b) show the magnon entanglement for the
case of κa = 5κ1(2), where the entanglement is still there and
survives up to about 150 mK. In Fig. 3 (a) and (b) we take
κ1(2)/2pi = 0.6 MHz, which is the lowest value demonstrated
in the experiment [13]. It would be useful to study the entan-
glement for larger magnon dissipation rates. In Fig. 3 (c) we
plot the critical temperature versus κ1(2)/2pi starting from 0.6
MHz to 3 MHz. The critical temperature means that above
which the entanglement becomes zero due to the degradation
of the thermal noise. We see that the entanglement is quite
robust against the magnon dissipation rates and survives up to
about 80 mK for κ1(2)/2pi = 3 MHz.
V. CONCLUSIONS
We have presented a protocol to entangle two magnon
modes in a cavity magnomechanical system, where the two
magnon modes in two YIG spheres couple to a microwave
cavity mode, and one of them also couples to a vibrational
mode of the sphere via magnetostrictive force. We have
shown that with experimentally reachable parameters the two
magnon modes can be prepared in a steady-state entangled
state. The entanglement is achieved by exploiting the nonlin-
ear magnetostrictive interaction and the linear cavity-magnon
coupling. The magnon entangled states in massive YIG
spheres represent genuinely macroscopic quantum states, and
are thus useful for the study of quantum-to-classical transi-
tions and tests of decoherence theories [46]. In either the con-
tinuous spontaneous localization theory [47, 48], or the gravi-
tationally induced collapse model [49], the strength of the pos-
tulated collapse noise is proportional to the size of the object
(either mass or the number of particles it contains). The col-
lapse effect becomes prominent when the size of the object is
in macroscopic scale, which leads to spatial decoherence and
localization of the superposition states, while it reproduces the
standard results of quantum mechanics in microscopic scale.
Therefore, preparing macroscopic quantum states is a key
step to test those decoherence theories in macroscopic scale.
Furthermore, the magnon entangled states can be applied to
the quantum information processing based on magnonic sys-
tems [10], and can also be used for creating entangled states
of microwave fields, e.g., by coupling each magnon mode to a
microwave cavity and utilizing their beamsplitter (state-swap)
interaction.
Note added: After the completion of this work, independent
proposals have been put forward, using different mechanisms,
for entangling two magnon modes, either in ferrimagnetic
YIG spheres [50–52] or in an antiferromagnetic system [53].
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